Advances in bacterial cell biology have demonstrated the importance of protein localization for protein function. In general, proteins are thought to localize to the sites where they are active. Here we demonstrate that in Escherichia coli, MurG, the enzyme that mediates the last step in peptidoglycan subunit biosynthesis, becomes polarly localized when expressed at high cellular concentrations. MurG only becomes polarly localized at levels that saturate MurG's cellular requirement for growth, and E. coli cells do not insert peptidoglycan at the cell poles, indicating that the polar MurG is not active. Fluorescence recovery after photobleaching (FRAP) and single-cell biochemistry experiments demonstrate that polar MurG is dynamic. Polar MurG foci are distinct from inclusion body aggregates, and polar MurG can be remobilized when MurG levels drop. These results suggest that polar MurG represents a temporary storage mechanism for excess protein that can later be remobilized into the active pool. We investigated and ruled out several candidate pathways for polar MurG localization, including peptidoglycan biosynthesis, the MreB cytoskeleton, and polar cardiolipin, as well as MurG enzymatic activity and lipid binding, suggesting that polar MurG is localized by a novel mechanism. Together, our results imply that inactive MurG is dynamically sequestered at the cell poles and that prokaryotes can thus utilize subcellular localization as a mechanism for negatively regulating enzymatic activity.
using Gateway cloning (Invitrogen). pAM4 was constructed using the QuikChange site-directed mutagenesis kit (Stratagene) to modify pAM2 with the primer pair MurG-E268A and Rev-MurG-E268A. pAM7 was constructed by amplifying otsA from chromosomal NCM3722 DNA using the primers OtsA FWD GWY EC and OtsA REV GWY EC. The PCR product was moved into pAM1 using Gateway cloning. pAM8 was constructed by amplifying the Nterminal part of murG out of pAM2 using the primers MurG FWD GWY EC and MurG L79E F82E REV and the C-terminal part of murG out of pAM2 using the primers MurG REV GWY EC and MurG L79E F82E FWD. The two products were used in a SOEing PCR with primers MurG FWD GWY EC and MurG REV GWY EC. This full-length murG product containing the desired mutation was moved into pAM1 using Gateway cloning. pAM9 and pAM10 were constructed by amplifying otsA and ibpA from chromosomal NCM3722 DNA using the primer pairs OtsA FWD GWY EC and OtsA REV GWY EC and IbpA FWD GWY and IbpA REV GWY. The PCR products were moved into plasmid gXGC using Gateway cloning. otsA-GFP and ibpA-GFP were amplified from the resulting Gateway clones using the primers OtsA Fwd SacI/IbpA Fwd SacI and GFP Rev XbaI. The otsA-GFP and ibpA-GFP PCR products and pAM2 were digested with SacI and XbaI and ligated together. pAM11 was constructed by amplifying mraY from chromosomal NCM3722 DNA using the primers MraY Fwd SacI and MraY Rev STOP XbaI. The PCR product and pAM2 were digested with SacI and XbaI and ligated together.
Microscopy. Images were collected on a Nikon 90i microscope equipped with a Nikon Plan Apo 100ϫ/1.4 phase-contrast objective, a Rolera XR cooled charge-coupled device (CCD) camera, and NIS Elements software.
Protein localization. Strains expressing MurG-mCherry were grown overnight in minimal medium containing carbenicillin for plasmid maintenance. In the case of strains carrying murGͳʹkan, antibiotic selection for the plasmid was not necessary. Overnight cultures were diluted 1:50 into minimal medium containing 0 to 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and grown at 37°C for 2 h, at which point they were spotted onto 1% agarose pads containing minimal medium and IPTG inducer.
Growth curves. Overnight cultures grown in minimal medium were diluted 1:50 into minimal medium containing 0 to 1 mM IPTG and transferred into a shallow-well 96-well plate. The plate was grown at 37°C with shaking, and at 1-h time intervals, optical density at 600 nm (OD 600 ) and fluorescence intensity were measured using a Perkin-Elmer Wallac EnVision 2103 multilabel reader (Waltham, MA).
FRAP. For fluorescence recovery after photobleaching (FRAP), photobleaching was performed using a MicroPoint laser system (Photonic Instruments, St. Charles, IL) equipped with an NL100 nitrogen laser (Stanford Research Systems, Sunnyvale, CA). Recovery was measured over 2 min following photobleaching. Images were analyzed using PSICIC (14; http://www.molbio1.princeton.edu/labs /gitai/psicic/psicic.html) and ImageJ (http://rsbweb.nih.gov/ij/). Mean fluorescence intensity was normalized to the maximum intensity for each cell.
Drug treatments. Overnight cultures grown in minimal medium were diluted 1:50 into minimal medium with or without 0.1 mM IPTG inducer. The cultures were grown at 37°C for 2 h. After 1 h, the cultures without inducer were treated with various concentrations of the drugs. When the 2-h incubation was complete, the cells were spotted onto 1% agarose pads containing minimal medium, 0.1 mM IPTG, and various concentrations of the drugs. The highest drug concentrations tested are as follows: 50 g/ml cephalexin, 100 g/ml amdinocillin, 10 g/ml A22, and 100 g/ml fosfomycin.
Single-cell biochemical assay for inclusion bodies. Overnight cultures of strains expressing MurG-mCherry or OtsA-mCherry grown in minimal medium containing carbenicillin were diluted 1:50 into minimal medium containing 0.1 mM IPTG or 1 mM IPTG and grown at 37°C for 2 h. The cells were spotted onto 1% agarose pads containing minimal medium, 0.1 mM IPTG, 1 mg/ml lysozyme, 0.1% Triton X-100, and 10 mM EDTA.
Protein localization in prefilamented cells. Overnight cultures grown in minimal medium were diluted 1:50 into minimal medium and grown for 1 h at 37°C. At this point, cephalexin was added to a final concentration of 50 g/ml. The cells were grown for 2 h at 37°C before imaging on 1% agarose pads containing minimal medium, 50 g/ml cephalexin, and 0.1 mM IPTG.
Flow chamber experiment. The flow chamber used is model RC-31 (Warner Instruments, Hamden, CT). The cells were adhered to the coverslip using 0.5% polyethylenimine.
NAO staining. Overnight cultures grown in minimal medium were diluted 1:50 into minimal medium with 0 to 1 mM IPTG inducer and grown at 37°C for 1 h. At this point, nonyl acridine orange (NAO) was added directly to the medium to a final concentration of 200 nM. The cells were then incubated at 37°C for 1 h before imaging on 1% agarose pads containing minimal medium and inducer.
RESULTS
MurG localizes to the poles in a concentration-dependent manner in E. coli. In the course of investigating the localization dynamics of proteins involved in E. coli cell shape determination, we constructed a plasmid-borne MurG-mCherry fusion that is under the control of the P trc IPTG-inducible promoter. We were surprised to discover that the localization pattern of MurG-mCherry changed depending on the level of IPTG inducer used (similar to the pattern shown in Fig. 1 ). Specifically, this fusion localized diffusely throughout the cell at low induction levels (see the discussion in the supplemental material) but became enriched at both poles at higher induction levels. The cells with bipolar MurG-mCherry still retained some fluorescence along the entire cell, suggesting that MurG was preferentially accumulating at the poles but not excluded from the cell body. Western blot analysis confirmed that increasing IPTG inducer levels correlated well with increased MurGmCherry protein concentration (data not shown), indicating that the change in MurG localization is a concentration-dependent phenomenon.
To investigate whether the MurG-mCherry bipolar localiza- (Fig. 1) . Although the MurG-mCherry was expressed from the P trc promoter, the strain was viable even in the absence of inducer, likely due to leaky expression. When the IPTG inducer was added at concentrations of 0.01 mM or lower, MurG-mCherry was diffusely localized (Fig. 1) . When the IPTG concentration was increased to 0.1 mM or higher, MurG-mCherry was enriched at the cell poles. At intermediate concentrations (0.02 mM and 0.05 mM), MurG-mCherry was bipolar in some cells and diffusely localized in others ( Fig. 1 ; see the discussion in the supplemental material). These results suggest that MurG accumulates at the poles when present at a high concentration in the cell. The appearance of polar MurG corresponds to the accumulation of inactive excess protein. We next sought to determine whether polarly localized MurG represents an active or inactive pool of enzyme. We reasoned that if polar MurG contributes to growth, then cells with increased polar accumulation of MurG would have an increased growth rate. To test this hypothesis, we measured growth curves of cells grown with a range of inducer levels from 0 to 1 mM IPTG. We also measured the fluorescence intensity of these cells to monitor MurG-mCherry levels. Fluorescence intensity and OD 600 were measured using a 96-well plate reader at 1-h intervals. As expected, fluorescence intensity increased with increasing level of induction ( . At all IPTG concentrations 0.01 mM and higher, the growth rate remained similar, with perhaps a slight reduction at extremely high induction levels (0.5 and 1 mM). The fact that raising IPTG levels above 0.01 mM increased MurG-mCherry levels but did not increase growth rate indicates that the cellular requirement for MurG is saturated at MurG polar foci are distinct from inclusion bodies. The appearance of polar MurG foci at excess MurG concentrations could represent either a transient storage mechanism or a waste removal system, such as inclusion bodies. Consistent with this latter possibility, inclusion bodies have been previously shown to accumulate at the cell poles (19, 28, 37) . We thus sought to compare MurG-mCherry to an inclusion body. As a control inclusion body, we focused on a C-terminal fusion of GFP to otsA, which encodes the E. coli homolog of trehalose-6-phosphate synthase. OtsA is typically not expressed during the conditions used for these experiments (12, 16) , and its overexpression leads to rapid inclusion body formation, as evidenced by the accumulation of phase-bright foci.
To examine both OtsA and MurG in the same cells, we constructed a double-labeled strain in which OtsA-GFP and MurG-mCherry are coexpressed by the same promoter in a synthetic operon. If MurG accumulates in inclusion bodies, it would be expected to colocalize with OtsA. Instead, when imaged in the presence of 0.1 mM IPTG, MurG-mCherry formed bipolar foci, whereas the cells expressing OtsA-GFP exhibited unipolar foci (Fig. 3A) . Moreover, at the poles that exhibited both OtsA-GFP and MurG-mCherry foci, the two proteins were often found to not colocalize, rather occupying distinct regions of the cell pole (Fig. 3A) . As a second marker for inclusion bodies, we also colocalized MurG-mCherry with a GFP fusion to the small heat shock protein (sHsp) IbpA. IbpA has been previously found to colocalize with inclusion bodies in E. coli (19) . As was seen with OtsA-GFP, IbpA-GFP formed unipolar foci that did not colocalize with MurGmCherry when the two fusions were coexpressed (Fig. 3B) .
It has been previously suggested that polar aggregates such as inclusion bodies accumulate at the poles due to displacement by the nucleoid in a process termed nucleoid occlusion (37) . In filamentous cells, nucleiods are spaced at intervals throughout the cell such that aggregates that are affected by nucleoid occlusion tend to localize both at the poles and in foci scattered through the length of the cell (37) . We therefore generated long filamentous cells by pretreatment with the division inhibitor cephalexin (27) and subsequently coexpressed MurG-mCherry and IbpA-GFP. We found that MurGmCherry still localized exclusively to the cell poles, whereas IbpA-GFP formed both polar and nonpolar foci (Fig. 3C) . These results confirm that MurG and IbpA do not colocalize and moreover suggest that MurG polar localization is not the result of nucleoid occlusion.
As an additional method to distinguish MurG foci from inclusion bodies, we turned to a single-cell biochemical assay. Inclusion bodies are insoluble protein aggregates which remain aggregated upon cell lysis (11) . In contrast, if MurG is being dynamically localized to the poles and not simply aggregating there, the polar MurG foci should dissolve upon lysis. To test this hypothesis, we put unfixed E. coli cells expressing either OtsA-mCherry or MurG-mCherry onto agarose pads made from minimal medium with lysozyme to promote cell lysis. Cells were followed over 3 h by time-lapse microscopy with images taken every 15 min. As expected, OtsA-mCherry fluo- (Fig. 3F and G) . Meanwhile, as soon as the MurG-mCherry cells lysed, they completely lost their fluorescent signal, suggesting that MurG-mCherry remained soluble ( Fig. 3D and E) . Taken together, the results of the colocalization, cephalexin pretreatment, and cell lysis experiments suggest that MurG polar foci form structures that are distinct from inclusion bodies. Polar MurG is dynamic and may be remobilized from the poles. Since MurG polar foci are distinct from inclusion bodies, it is possible that they represent a temporary storage mechanism for excess protein. In that case, MurG would be predicted to be able to dynamically enter and exit the polar foci. To see if MurG protein can be exchanged between existing polar foci and the cytoplasmic pool, we performed FRAP experiments on cells with bipolar MurG foci. We bleached one polar focus of MurG-mCherry and then followed the fluorescence intensities of both the bleached and unbleached foci for 2 min (Fig. 4A and B) . In all cells tested (n ϭ 13), the fluorescence intensity of the bleached pole increased over the 2-min recovery period. This was the case whether the bleached or unbleached focus was brighter initially. By the end of the experiment, the unbleached and bleached foci equilibrated to almost the same level of fluorescence.
We also performed FRAP experiments on OtsA-GFP. Since OtsA-GFP is unipolar, we could not use a second focus in the same cell for normalization and therefore used an OtsA focus in a neighboring cell as an unbleached control. As with MurG, we bleached one polar focus of OtsA and then followed fluorescence intensity at the bleached focus and the unbleached control for 2 min (Fig. 4C and D) . Unlike MurG, the OtsA fluorescence did not recover at the bleached pole in any of the cells examined (n ϭ 6). In every case, the bleached foci always remained well below the fluorescence level of unbleached foci. Thus, MurG fluorescence can recover after photobleaching but OtsA cannot. These FRAP results demonstrate that there is dynamic exchange of MurG protein between the polar foci and the cytoplasmic pool, whereas OtsA polar accumulation is not reversible over the time scales examined.
The ability of MurG to dynamically enter and exit polar foci without aggregating is consistent with the polar foci acting as a dynamic temporary storage mechanism. To test the storage hypothesis more directly, we used a flow chamber to shift cells from conditions under which they grew rapidly and formed polar MurG foci (0.1 mM IPTG) to conditions under which they grew more slowly and lacked polar foci at steady state (0 mM IPTG). The MurG foci did not completely disappear in the period during which we could track these cells, but their fluorescence could be seen to decrease (Fig. 5A ). To account for photobleaching, we normalized the decrease in the fluorescence intensity of the polar foci to the decrease in intensity of the diffuse MurG in the central regions of the cell. We found that the decrease in polar MurG fluorescence was significantly greater than that of photobleaching, suggesting that cells remobilize polar MurG when it is needed (Fig. 5 ). This result supports our hypothesis that the MurG protein present in polar foci can be remobilized when MurG levels drop. MurG may be localized to the poles via a novel targeting mechanism. We attempted to address the question of how MurG becomes localized to the cell poles at excess concentration levels. To this end, we imaged MurG-mCherry in the presence of chemical inhibitors of candidate localization proteins. We used inhibitors of the MreB actin cytoskeleton (A22 [13] ) and the peptidoglycan biosynthesis enzymes PBP2, PBP3, and MurA (amdinocillin [34] , cephalexin [27] , and fosfomycin [20] , respectively). None of these compounds affected MurGmCherry localization, regardless of the concentration used or whether treatment was performed before or after MurGmCherry induction (Fig. 6A to D) . In addition, we examined the possibility that MurG localization is coupled to its enzymatic activity by constructing an E268A mutation in MurG that disrupts its catalytic activity (8) . Unlike the mCherry fusion to wild-type MurG, this mutant failed to complement a chromosomal murG deletion, confirming that it is enzymatically inactive. In a wild-type background, this mutant still formed polar foci (Fig. 6E) . The fact that an inactive MurG mutant protein localizes to the poles rules out enzymatic activity as the mechanism for MurG localization and is also consistent with our hypothesis that polar MurG is inactive.
Another candidate polar localization determinant is the polarly localized anionic phospholipid, cardiolipin (22, 29) . This mechanism was particularly attractive because MurG can bind cardiolipin through an amphipathic helix. Moreover, a previous study found that overexpression of MurG protein correlates with accumulation of phospholipid vesicles at the poles, although this study did not examine the localization of MurG itself (33) . We thus examined MurG-mCherry localization in two cardiolipin synthetase mutants (cls and ybhO), as well as in the cls ybhO double mutant. None of these strains had any effect on MurG localization (Fig. 6F ). However, it is possible that MurG is still localized by anionic phospholipids that persist in the cls ybhO double mutant. We therefore constructed an L79E F82E double mutant in the lipid binding domain of MurG (15) . This MurG lipid interaction double mutant can 
4602
MICHAELIS AND GITAI J. BACTERIOL. complement a MurG deletion but had to be expressed at higher levels than wild-type MurG in order to achieve a comparable growth rate. We found that this mutant also had to be expressed at a higher level than wild type before we began to see MurG polar foci (Fig. 7) . The lipid binding mutant thus appears to be less active than wild-type MurG, and therefore more of the mutant protein is needed to reach the threshold at which increased levels of MurG will no longer increase the growth rate of the cell. This finding supports our hypothesis that MurG accumulates at the poles when present in excess. We noticed that in contrast to wild-type MurG, the MurG lipid interaction mutant often localized to a single pole in a manner resembling IbpA and OtsA. To confirm that these unipolar foci were not inclusion bodies, we repeated the singlecell lysis experiment with the L79E F82E mutant. Upon cell lysis, MurG(L79E F82E)-mCherry foci disappeared, suggesting that the protein remained soluble and had not formed inclusion bodies (see Fig. S2 in the supplemental material). Thus, MurG localization does not appear to be mediated by any of the major candidate localization pathways, and future unbiased screens will be needed to dissect the mechanism of MurG localization.
Polar MurG can promote polar accumulation of anionic phospholipids. Since MurG(L79E F82E)-mCherry does not bind anionic phospholipids but can localize to the cell poles, we used this mutant to determine if MurG normally functions to recruit anionic phospholipids to the poles. To label anionic phospholipids such as cardiolipin, we used the NAO dye (23) . Cells overexpressing wild-type MurG-mCherry exhibited increased polar NAO staining that colocalized with the polar MurG (Fig. 7) . However, cells overexpressing MurG(L79E F82E)-mCherry did not exhibit increased polar NAO staining, even when polar MurG foci were clearly present (Fig. 7) . This result suggests that while lipid interaction is not necessary for MurG polar localization, MurG localization may serve to recruit anionic phospholipids to the poles.
DISCUSSION
Sequestration of MurG as a posttranslational regulatory mechanism in E. coli. We show here that when an E. coli cell has a higher concentration of MurG than is needed for growth, excess MurG is actively sequestered to the poles ( Fig. 1 and 2) . Why is this pool of MurG retained in the cell? Why is it not degraded to provide raw materials to produce other needed proteins in the cell? It is energetically wasteful for a cell to degrade proteins that then later need to be resynthesized. MurG is an essential protein that is needed for growth. When the cell has enough MurG to grow at its maximal growth rate for the environmental conditions given (temperature, nutrient availability, etc.), the remaining pool of MurG is localized to the poles. Our observations suggest that this polar MurG pool is not active because increased polar MurG does not lead to increased growth rate (Fig. 2) . Polar localization might inhibit MurG function by either sequestering MurG from its substrate or by catalytically inactivating the enzyme. We propose that the cell retains excess MurG in an inactive state instead of degrading it so that it can become available for use when environmental conditions become more favorable. Our data support this storage hypothesis (Fig. 5) . In addition to saving energy, this dynamic storage mechanism could also allow the cell to respond more quickly to changes in environmental conditions. In this scenario, the cell would be in a primed state, able to rapidly remobilize MurG when growth conditions improve.
Why localize MurG specifically to the cell poles? Having excess MurG diffusing throughout the cell may be toxic to the cell and impair growth rate by interfering with other essential processes. Previous research in E. coli has shown that the poles are inert and excluded from active insertion of new peptidoglycan (10) . This would make the poles of the cell an ideal place to localize the inactive pool of MurG. Since there is not active insertion of peptidoglycan at the poles, the inactive MurG would not interfere with this process. Moreover, the MurG substrate may be excluded from the poles, thereby providing a mechanism for rendering the polar MurG inactive. This hypothesis relies on the assumption that the substrate for MurG cannot diffuse to the poles. Alternatively, when MurG is present in excess, it could be using up all of its substrate. However, we found that co-overexpression of MurG with MraY, the upstream enzyme that synthesizes the MurG substrate lipid I (18), did not change MurG localization (data not shown).
Protein sequestration is a well-documented, although perhaps underappreciated, mechanism for protein regulation. In eukaryotes, spatial separation of proteins from their substrates is often used, as in the case of keeping transcription factors out of the nucleus (7). Here we demonstrate that even in the absence of intracellular compartments, bacterial cells may use a similar strategy to spatially sequester MurG. To our knowledge, this work represents the first suggestion of bacteria using subcellularly localized protein sequestration as a transient regulatory mechanism. In future studies, it will prove interesting to determine if this represents a more widespread mechanism. What is the mechanism of MurG localization? Our observation that polar MurG is dynamic (Fig. 4) suggests that MurG is actively localized to the poles by either directed transport or a diffusion-capture-type mechanism. Further supporting the active localization of MurG, we found that MurG differs from inclusion bodies in multiple assays of localization and dynamics ( Fig. 3 and 4) . But how is MurG getting to the poles, and how is it then retained there? Our studies have ruled out most of the obvious candidates, including the peptidoglycan biosynthesis machinery, the MreB actin cytoskeleton, and polar anionic phospholipids like cardiolipin (Fig. 6) . Although cardiolipin binding is not necessary for polar MurG localization, polar MurG localization may itself serve to enrich cardiolipin at the poles (Fig. 7) . Interestingly, in the specific strain background and under the growth conditions used for this study, NAO staining only revealed polar cardiolipin upon MurG overexpression. Using different E. coli strains and growth conditions, previous reports have found polar cardiolipin without MurG overexpression (23, 29) , such that the generality of the role of MurG in cardiolipin localization will require further studies. Thus, while cardiolipin has been previously proposed to localize to the poles in a self-organizing manner (26) , additional factors such as MurG may serve to enhance this polarized distribution.
One attractive mechanism for MurG localization is for MurG to diffuse along the cytoplasmic face of the inner membrane and then be captured by a protein that is normally found at the poles of E. coli. This protein could be cytoplasmic, or it could be an inner membrane protein. Large-scale studies of protein interactions in E. coli (2, 5) have not identified any known polar proteins as potential interaction partners for MurG. However, this result does not rule out the possibility that an interaction may have been missed, possibly due to complications associated with studying protein-protein interactions with a membrane-associated protein like MurG. Nevertheless, even in this scenario the question would remain as to how the MurG localization factor itself becomes localized independently of the mechanisms we tested here. Thus, our results suggest that MurG may be directly or indirectly localized by a previously unappreciated mechanism. This discovery will motivate future screens geared toward uncovering this elusive mechanism.
In summary, we find that excess MurG is localized to the poles in an inactive yet dynamic form. We propose here that sequestration of proteins in an inactive pool is a mechanism that prokaryotic cells can use to posttranslationally regulate protein activity. This would be more time and energy efficient than degrading the proteins and resynthesizing them again when needed. Now that this phenomenon has been observed, future studies will help understand its mechanism and utility for both MurG in particular and other proteins in general.
